The time course of methaemoglobin reduction in human erythrocytes treated with nitrite was studied at pH 7.4, 370C, in the presence or absence of Methylene Blue, and the changes in methaemoglobin, intermediate haemoglobins and oxyhaemoglobin during the reaction were analysed by isoelectric-focusing on Ampholine/polyacrylamide-gel plates.
Faculty ofPharmaceutical Sciences, Kanazawa University, Kanazawa 920, Japan (Received 21 November 1979) The time course of methaemoglobin reduction in human erythrocytes treated with nitrite was studied at pH 7.4, 370C, in the presence or absence of Methylene Blue, and the changes in methaemoglobin, intermediate haemoglobins and oxyhaemoglobin during the reaction were analysed by isoelectric-focusing on Ampholine/polyacrylamide-gel plates.
In both cases, with or without the dye, the intermediate haemoglobins were found to be present as (a3+fl2+)2 and (a2+/P3+)2 valency hybrids from their characteristic position on electrophoresis, but amounts changed consecutively with time. The amount of (a3+/32+)2 was always greater than that of the (a 2+,3+)2 valency hybrid. This result is explained by the differences in redox potentials between a-and fl-chains in methaemoglobin tetramer.
It was concluded that methaemoglobin was reduced in human erythrocytes through these two different paths: methaemoglobin + (a3+J2+)2 k4 oxyhaemoglobin; and methaemoglobin k+3 (a2+f3+)2 k+4 oxyhaemoglobin. The reaction rate constants k+1 (=k+1 + k+3) and k' 2 (=k+2 + k+4) were estimated from the changes in each component methaemoglobin, intermediate haemoglobins [(a3+fl2+) 2 + (a2+fl3+)21 and oxyhaemoglobin.
It is well established that there are two methaemoglobin-reducing pathways involving NADH-and NADPH-dependent methaemoglobin reductases in human erythrocytes (Scott & Hoskins, 1958; Kiese, 1944) . The NADH-dependent enzyme, which is characterized as NADH-cytochrome b5 reductase, plays a significant role in methaemoglobin reduction in erythrocytes (Passon & Hultquist, 1972; Sugita et al., 1971) . On the other hand, the contribution of NADPH-dependent methaemoglobin reductase to methaemoglobin reduction in the erythrocytes is small (Scott et al., 1963; Gibson, 1948) . This enzyme, however, begins to operate actively in the presence of Methylene Blue (Huennekens et al., (1969 (Tomoda et al., 1979a,b) . However, the actual contribution : To whom requests for reprints should be addressed. Packed erythorcytes were prepared from 1-dayold acid/citrate/dextrose-treated blood obtained from the Kanazawa Red Cross Centre. The erythrocytes were separated by centrifugation at 3000rev./min (r 10.8cm) for 10min at 40C, and washed twice with iso-osmotic saline (0.9% NaCI). After the removal of the buffy coats, the erythrocytes were suspended in iso-osmotic saline. Then 2.4 ml of 0.5 M-sodium nitrite dissolved in isoosmotic saline was added to the 60ml suspension (haematocrit 10%), and this was placed in air for 30min. By this procedure, oxyhaemoglobin in the cells was converted into methaemoglobin. The erythrocytes were separated by centrifugation at 3000rev./min for 10min at 4°C, and were further washed five times with iso-osmotic saline in order to remove nitrite in the cells. The packed cells were suspended in glucose-free Ringer's solution containing 120mM-NaCl, 5mm-KCl, 2mm-NaH2PO4 and 1 mM-MgCl2 so as to give a haematocrit of about 10%.
After adjustment of the suspension pH to 7.4 at 370C with 0.1 M-NaOH solution, incubation of the erythrocytes was initiated by the addition of final concentrations of 10mM-glucose. The (1) Experiment in the absence ofMethylene Blue. The erythrocytes were incubated at pH 7.4 and 370C after the addition of final concentrations of 10mM-glucose for 32 h. During incubation there was little haemolysis. Samples (0.4 ml) were taken out at intervals for analyses, and mixed with 4 ml of icecold water. The haemolysates were then applied on Ampholine/polyacrylamide-gel plate (pH 3.5-9.5) and isoelectric focusing was performed. The gel plate was fixed with a solution containing 0.14 M-sulphosalicylic acid, 0.7 M-trichloroacetic acid and 7 M-methanol, and scanned by a Gilford spectrometer with a gel scanner. The percentage of each fraction was estimated by cutting out and weighing the chart paper.
(2) Experiment in the presence ofMethylene Blue.
The incubation of erythrocytes was carried out at pH 7.4 and 370C after the addition of final concentrations of 10mM-glucose and 10#uM-Methylene Blue. Samples were taken out at intervals for analyses and haemolysed with 10vol. of ice-cold water. Then the haemolysates were passed through a column (1.5 cm x 20 cm) of Sephadex G-25 (coarse grade) equilibrated with 10mM-potassium phosphate buffer. The effluents were applied to the ampholine/gel plate. The gel plate was then fixed and scanned as described above. The percentage of each component (methaemoglobin, intermediate haemoglobins and oxyhaemoglobin) was estimated by cutting out and weighing the chart paper.
(3) Simulation of the gel-scanning pattern of methaemoglobin reduction in the presence or absence of Methylene Blue. The fractions of methaemoglobin, intermediate haemoglobins and oxyhaemoglobin as a function of time were fitted by using eqns. (1)- (3) derived from Scheme 1 through non-linear regression analysis (NONLIN program; Metzler, 1969) . The digital computer FACOM M-160 was used at the Data-Processing Centre, Kanazawa University.
fA =f°e-k+lt (1)
where fz, f, and P3 are the fractions at zero time, andf1,f2 andf3 the fractions at time t of (a3+f3+)2, intermediate haemoglobins [(a3+/P2+)2 + (a2+J3+)21 and (a 2+,62+)2 of total haem respectively. The differential equations for three species of haem molecules can be solved by using appropriate Laplace transformation techniques to yield eqns.
(1)- (2) The electrophoretic pattern of the sample at 16h was further analysed by gel scanning (Fig. lb) . Consequently the percentages of each component such as methaemoglobin, (a3+fP2+)2, (a2+f.3+)2 and oxyhaemoglobin were estimated to be 32.1, 26.4, 21.6 and 19.9% respectively. The electrophoretic patterns shown in Fig. l(a) were also analysed by gel scanning. The fractional changes in methaemoglobin, intermediate haemoglobins and oxyhaemoglobin during methaemoglobin reduction in the erythrocytes were measured (Table 1 ). The amount of (a3+JP2+)2 was always higher than that of (a2+f3+P)2 during the reduction. These results are further illustrated in Fig. 2 Table 1 . Fractions (%) of methaemoglobin, (a3+4f2+)2, (a2+4f+)2 and oxyhaemoglobin during methaemoglobin reduction in nitrite-treated erythrocytes in the absence ofMethylene Blue The gels shown in Fig. 1 (Metzler, 1969) haemoglobin to total haemoglobin during methaemoglobin reduction in the presence of Methylene blue are shown in Table 3 . As a result, the changes in these haemoglobin derivatives were much accelerated compared with the case without the dye shown in Table 1 . The amount of (a 3+JP+)2, however, was always higher than that of (a2+,f3+)2.
These results show that methaemoglobin reduction in the presence of Methylene Blue proceeds by two different pathways: methaemoglobin -+ (a3+/P2+)2--oxyhaemoglobin; and methaemoglobin -. (a2+/P3+)2-. oxyhaemoglobin in the erythrocytes. The results shown in Table 3 were further treated by digital computer, as shown in Fig. 3 apparently modified by many hours incubation of the erythrocytes may be excluded, because the autoxidation of haemoglobin is suppressed at pH 7.4 and 370C in erythrocytes (Tomoda et al., 1978b) .
On the other hand, since NADPH-dependent methaemoglobin-reducing systems are much stimulated in the presence of Methylene Blue, and NADH-dependent systems are not (Rosen et al., 1971) , the reduction of methaemoglobin shown in Table 3 and Fig. 3 substrate for either NADH-or NADPH-dependent reducing systems, because the reaction rate constants, k' 1 (of the first phase) and k+2 (of the second phase), were almost equal in each case for the presence or absence of Methylene Blue. However, there seem to be differences in the reaction with the electron carriers such as cytochrome b5 and Methylene Blue between a-and fl-chains of methaemoglobin tetramer, because the amount of (a3+fl2+)2 was higher than that of (a2+4f3+)2 during the reduction of methaemoglobin in the presence and absence of the dye. These results are consistent with the previous results (Tomoda et al., 1979a ) that the proportion of (a3+f2+P)2 is always higher than that of (a2+,f3+)2 during methaemoglobin reduction by the systems including a purified erythrocyte NADHcytochrome b5 reductase and cytochrome b5, and with the results of Yubisui and colleagues (T. Yubisui, A. Tomoda & Y. Yoneyama, unpublished work) that the proportion of (a3+f2+)2 is much higher than that of (a2+,f3+)2 during the reduction of methaemoglobin by the systems including a purified erythrocyte NADPH-flavin reductase and Methylene Blue. The reason for the differences in the proportion of (a3+,P2+)2 and (a2+IP3+)2 may be explained by the differences in the redox potentials between a-and fli-chains in the methaemoglobin tetramer. The redox potentials of a-and fl-chains are 0.052 and 0.113 V respectively (Banerjee & Cassoly, 1969) . Therefore cytochrome b5 and Methylene Blue, whose redox potentials are 0.02 (Velick & Strittmatter, 1956 ) and 0.011 respectively, may reduce fl-chains of methaemoglobin preferentially.
